An analysis of the compatability of ellipsometry conventions with the Mueller-Stokes calculus has shown that for the two approaches to be consist~ ent, modifications to the 1968 Nebraska ellipsometry conventions are neces~ sary. A sign convention is proposed which specifies the ellipticity angle and the fourth Stokes parameter to be positive when the tip of the instantaneous electric-field vector describes a right~handed helix in space. Polarization of this type will be designa"ted as right-handed and represented by a point on the · northern half of the Poincare sphere. The consequences of using this conven-. 
Introduction
A convention for absolute phase of the electric-field vector wave has been established by adopting the ei(wt+IJ) time /phase dependence [1, 2] . However, unambiguous and comprehensive sign conventions have not been adopted for parameters affected by the phase difference of orthogonal components of the electric field. In ellipsometry, the ellipticity angle and the fourth Stokes parameter carry the sign of the phase difference. The growing use of the Mueller-Stokes calculus with photometric ellipsometry makes it increasingly desirable to adopt an unambiguous designation for phase differences.
Born and Wolf [3] note that it is traditional to call polarization right-(left-) handed when an observer looking into the source would see the polarization ellipse described in a clockwise (counterclockwise) sense. As pointed out by Clarke [4] , this is equivalent to calling the polarization right-(left-) handed when the helix described by the instantaneous locus of the tip of the electric-field vector in space is right-(left-) handed.
Opposite names are obtained, however, from the convention in which the fingers of the appropriate hand curl in the direction of the trace of the ellipse while the thumb points in the direction of propagation. Thus, when applied to the handedness of polarization state, the terms "right" or "left" can have ail uncertain interpretation.
Since the ellipticity angle and the fourth Stokes parameter change their sign with changes in handedness, one must also associate the terms "positive" and "negative" with the two types of polarization. Unfortunately, the literature in the fields of optics, astronomy and radio polarimetry contains examples of all four combinations of terms for each type o~ polarization [ 4 ] .
A further point of disagreement among authors is the relation of handedness to the Poincare sphere. The north pole of the sphere variously represents right [3] or left [5, 6] circular polarization, and the positive direction for the fourth Stokes parameter is variously to the north [3 ,7 ,8] or south [5] . Finally, the direction of increasing azimuth on the sphere is variously to the west [5, 9] or east [3, 6, 7] .
We propose in this paper a convention that specifies the signs of the ellipticity anglt>. and the fourth Stokes parameter to be positive whenever the instantaneous electric-field vector describes a right-handed helix in space. The ellipse of this type of polarization is described in a clockwise sense when' viewed by a observer looking into the source. We further propose that polarization of this type be designated as right~handed, and represented by a point in the northern half of the Poincare sphere.
The adoption of a sign convention affects the relationships among the various representations of polarization state: the magnitudes and phases of orthogonal electric~field components, the Jones vector, coherency matrix, Stokes parameters, Poincare sphere, polarization ratio, ellipsometric parameters and the azimuth and ellipticity of the polarization ellipse. The relationships appropriate for the proposed sign convention are all given in appendices at the end of the paper.
Also given are the transformation matrices for the coherency vector and Stokes vector (Mueller matrix) derived from the corresponding Jones matrix, using the proposed convention.
Examples of Mueller matrices for a linear retarder and an isotropic reflecting surface as well as the Mueller-Stokes description of a compensator-analyzer polarimeter are included.
These conventions differ from previous conventions principally in the ellipticity angle e and in the Poincare sphere. Ellipticity differs by defining e to be positive for right-handed polarization, while the north pole on the Poincare sphere represents right-handed, rather than left~handed polarization, to be consistent with the fourth Stokes parameter. These differences, discussed in §4, are required to establish consistency with conventions used for the Mue!ler:-Stokes calculus, without requiring major changes to the calculus.
2.
Previously adopted definitions for the electric field, Jones vector, coherency matrix, polarization ratio, and ellipsometric parameters 1/1 and ;l are given for reference in this section.
Electric field
According to the Muller-Nebraska convention [ 1 ,2] the Cartesian components of the electric field are written using the ei(wt+O) time/phase dependence as
Jones vector
The Jones vector is a concise representation of a totally polarized (quasi-)monochromatic wave. It is defined as the vector of complex electric-field components with the explicit time and space dependence removed. The positive phase dependence is retained. 
Coherency matrix
The coherency matrix gives the correlation of the field components with themselves and each other. It is capable of representing partially polarized waves. It is defined [3] as the direct product of the Jones vector with its Hermetian adjoint.
Using the phase convention of eq. (2.3), the elements of this matrix are given by Equations (2.10) and (2.11) are also obtained with the ei(wt-lJ) convention. It is necessary that the convention of eq. (2.3) be consistently followed to avoid conflicts in relating the coherency matrix to other polarization parameters. Because of the close relationship of the elements of the coherency matrix to the Stokes parameters, we make special note of this point.
Complex polarization ratio
The complex ratio of the elements of the Jones vector suppresses the absolute amplitude and phase information of the wave, leaving only a description of polarization state. Although both the x-to-y [10, 11] and y-to-x [3, 9] ratios are found in the literature, the latter appears more frequently and is adopted here. Following the notation of Azzam and Bashara [9] -6-3.
In this section, we define handedness independently of mathematical convention, according to the instantaneous helix of the electric field and the rotation of the field vector in a transverse plane. From the established time and phase convention, the condition for righthandedness is stated in terms of the component phase difference. The same condition is then expressed in terms of the coherency matrix, polarization ratio and ellipsometric parameter i.l.
Finally we propose choices for the signs of ellipticity angle and the fourth Stokes parameter as well as the hemisphere of the Poincare sphere which is to represent right-handed polarization.
Some of the more important relationships are then given; a complete listing is in the appendices.
Definition of right-handed polarization
We follow the traditional (helix) convention for naming handedness: when the instantaneous electric field forms a right-handed helix in space, so that its point of intersection with a transverse plane rotates in a clockwise sense to an observer facing the source, we call the polarization right-handed [3] . This convention, almost universally followed in the field of optics, is illustrated in fig. 1 .
If we consider the transverse plane at z = 0, eqs. (2.1) and (2.2) describe the electric field components as
The condition for clockwise rotation, and thus for right-handed polarization, is [3] (3.3)
From eq. (2.7), a state of polarization represented by the coherency matrix J is right-handed when (3.4) In terms of the polarization ratio x, eqs. (2.12) and (2.13) give the condition for righthandedness as (3.5) Thus, right®handed polarization states lie in the upper half of the complex polarization plane.
Finally, eqs. (2.15) and (3.5) combine to the condition for right-handedness in terms of ellipsometric A:
sin A < 0.
(3.6) (3.6) states that when light, linearly at 45° (or any azimuth 8 such that tan 9 > 0), is obliquely incident on the bare surface of an absorbing material (0° < A < 180°), the reflected light has left-handed polarization.
Choice of sign for ellipticity
The azimuth of a light wave is simply the angular position of the ellipse's major axis measured from a reference orientation in a counterclockwise direction for an observer looking into the source. The reference orientation is taken as the plane of incidence or scattering, the horizontal position, or the x axis. We use the symbol 8 to denote azimuth.
Ellipticity is defined as the angle E: whose tangent has magnitude equal to the ratio of the minor to major axis (axial ratio) of the ellipse, and whose sign indicates the handedness. fig. 2 .
We propose the convention which makes the ellipticity positive when the polarization is right-handed. That is, for right-handed 0 < E: s 45°. Using this convention, the Jones vector of the wave is given by [9] [ where R is the Cartesian coordinate rotation overall phase of the wave.
A is the overall amplitude and q, is the
Choice of sign for fourth Stokes parameter
The four real quantities known as the Stokes parameters provide a useful description of polarization state in terms of measurable intensities. They may be defined phenomenologically in terms of intensities measured with the use of ideal polarization filters which transmit linear polarizations with azimuths of 0 °, 45 °, 90 °, and 13 5°, as well as right-and left-handed circular polarizations [3, 5] . To be consistent with our choice of sign for ellipticity, we choose the convention which makes >0 (3.9) for right~handed polarization. The defining equations for the Stokes parameters thus take the form [5,7- 
Summary
The results of this section are summarized in the following statements, which are all true for right-handed polarization.
* By definition:
1) The helix is right-handed.
2) The electric-field vector rotates clockwise.
the Muller-Nebraska time and phase convention [ 1,2]:
" By proposed convention: 7) sin 2<:: > 0.
8)
> 0.
9) The point is in the northern hemisphere.
We consider here the alternate sign convention for e and S 3 , namely that they be taken to 
5.
We have proposed nomenclature and sign conventions for parameters related to phase differences in order to reduce ambiguity in mathematical treatments of photometric ellipsometry and polarimetry. Although an author is always free to set forth and use his own conventions, the aim of this proposal is to free him of that task if he so chooses. The mathematical conventions are summarized here:
• Time and phase dependence (previously adopted [1, 2] ):
These equations specify the form of the Jones vector (5.3) and the coherency matrix where EM is the ellipse major axis, R is the Cartesian coordinate rotation matrix given by eq.
(A13.2) and
Defining relationship:
Other formulas: Other formulas:
-it!.
x ""' cot '~' e , Defining relationship:
Other formulas:
(A8.9) (A8.10) (aa -bb From this we see that by using phase modulation, obtained for example by piezo-birefringence, [26] one may again determine three of the four Stokes parameters with a single measurement. In either of the last two cases, a second measurement can be made to determine the remaining Stokes parameter. 
6.
The Poincare sphere with the previously used conventions for azimuth
